B29
-tetradecanoyl, des-(B30) human insulin (NN304). Methods. Euglycaemic clamps were carried out under inhalant anaesthesia during equimolar intravenous infusions (3.6 pmol × min ±1 × kg ±1 for 480 min) of human insulin or NN304 (n = 8 per group). Results. Steady-state total NN304 (albumin-bound and unbound) was considerably higher in plasma compared with human insulin (1895 ± 127 vs 181 ± 10 pmol/l, p < 0.001) and increased in interstitial fluid (163 ± 14 vs 106 ± 9 pmol/l, p < 0.01). The halftime for appearance of NN304 in interstitial fluid was slower than human insulin (92 vs 29 min, p < 0.001). Yet, equivalency of action was shown for glucose turnover; steady-state glucose uptake (Rd) of 7.28 ± 0.55 and 6.76 ± 0.24 mg × min ±1 × kg ±1 and endogenous glucose production of 0.11 ± 0.12 and 0.22 ± 0.03 mg × min ±1 × kg ±1 (p > 0.40; NN304 and human insulin, respectively). Similar to interstitial fluid, half times for Rd and endogenous glucose production were delayed during NN304 infusion (162 vs 46 min and 80 vs 31 min, respectively; p < 0.01 vs human insulin). Conclusion/interpretation. Firstly equivalency of steady-state action is found at equimolar physiologic infusions of human insulin and NN304. Secondly NN304 binding to plasma albumin results in slower NN304 appearance in the interstitial compartment compared with human insulin. Thirdly the delay in appearance of NN304 in interstitial fluid may not in itself be a source of the protracted action of this insulin analogue. The protracted effect is due primarily to albumin binding of the insulin analogue NN304. [Diabetologia (1999) 
42: 1254±1263]
Keywords Fatty acid acylated insulin, glucose turnover, hindlimb lymph, transendothelial transport, albumin binding.
is covalently bound to residue Lys B29 also showed the maximum binding affinity for albumin. The relatively high albumin binding affinity (K a of 10 5 M ±1 at 37°C) was hypothesized to account for the protracted effect of NN304 [4] . This human insulin was considered to be a possible candidate for establishing basal insulinaemia in patients with insulinopenic diabetes mellitus. Therefore, to evaluate the peptide's action, it is important to explain its protracted action compared with native insulin.
The action of native insulin has previously been found [6±8] and confirmed [9±11] to be a function of the interstitial fluid insulin concentration. Insulin must traverse the capillary endothelium between plasma and interstitium before binding to insulin receptors at insulin-sensitive tissues. Interstitial insulin concentrations are two to threefold lower and dynamics are considerably slower than in plasma. It has, however, been shown that the interstitial insulin concentration is strongly correlated with glucose turnover [10±11]. Thus, transendothelial transport (TET) has been considered to be a rate-limiting step for insulin action. The question addressed in the present study is whether retention of NN304 in plasma by albumin controls the rate of action of the analogue in vivo. Therefore, our study was undertaken to examine the interstitial fluid profiles and action of an equimolar intravenous infusion of NN304 or human insulin in dogs during euglycaemic clamps.
Materials and methods
Animals. Experiments were conducted on healthy male mongrel dogs (24.2 ± 0.4 kg, range 18.6±31.4 kg). Dogs were housed under controlled kennel conditions (12 h light, 12 h dark) in the University of Southern California School of Medicine Vivarium. Animals had free access to water and standard chow (24 % protein, 9 % fat, 49 % carbohydrate, 17 % fibre, Wayne Dog Chow, Alfred Mills, Chicago, Ill., USA). Food was withdrawn 18 h before experiments. The experimental protocols were approved by the University Institutional Animal Care and Use Committee.
Surgical preparation. Surgery was carried out at about 0700 hours. All experiments were done in anaesthetized animals after catheter implantation. Dogs were pre-anaesthetized with acepromazine maleate (0.22 mg/kg; Prom-Ace; Aueco, Fort Dodge, Iowa, USA) and atropine sulphate (0.11 cc/kg; Western Medical, Arcadia, Calif., USA). Anaesthesia was induced with sodium pentobarbital (Nembutal, 0.44 cc/ kg; Abbott Laboratories, Chicago, Ill., USA) and maintained with halothane and nitrous oxide. Indwelling silastic catheters were implanted in the right jugular vein (saline drip), and left carotid artery (sampling). Right and left cephalic vein intracatheters were inserted for tracer, insulin, somatostatin and exogenous glucose infusions as detailed below. A perivascular ultrasonic flowprobe (2 mm diameter; Transonic, Ithaca, N. Y., USA) was placed around the right femoral artery for measurement of blood flow. Hindlimb muscle lymphatic fluid [12, 13] was sampled through a polyethylene catheter (PE10 to PE 90, predominantly PE50) inserted into a deep lymph vessel as described previously [11] . Body temperature was maintained with warming pads. Blood pressure, heart rate and respiratory CO 2 were monitored continuously. Dogs received a saline drip throughout both the surgery and experiment (22 cc/kg given during the first 60 min of surgery and a slow drip thereafter). Urine was collected throughout the experiment. After experiments, animals were killed by an overdose of sodium pentobarbital (Eutha-6 , Western Medical, Arcadia, Calif., USA).
Experimental protocol (NN304 vs human insulin, n = 8 per group). A total of 16 hyperinsulinaemic euglycaemic clamps were done. In all experiments, after catheter placement, a primed tracer infusion of HPLC-purified, [3- 3 H]-d-glucose (925 kBq bolus followed by 9.25 kBq/min; Dupont-NEN, Boston, Mass., USA) was started and maintained throughout the euglycaemic clamp to assess glucose turnover. Exogenous glucose was labeled with [3- 3 H]-d-glucose, 100 kBq/g of glucose [14] Arterial sampling (~3 ml blood) was coupled with hindlimb lymphatic sampling (continuously from~1.5 min before to~1.5 min after arterial sample time, 300±700 ml of lymphatic fluid).
After a 90-min tracer equilibration, four basal samples were taken from ±30 to ±1 min. At time 0, a continuous equimolar (3.6 pmol × min ±1 × kg
±1
) intravenous infusion of either human insulin (Novolin-R, Novo Nordisk, Bagsvaerd, Denmark) or Lys B29 -tetradecanoyl, des-(B30) human insulin (NN304; Insulin Research, Novo Nordisk) was initiated. To suppress endogenous insulin release, a continuous infusion of somatostatin (0.8 mg × min ±1 × kg ±1 ; Bachem, Torrance, Calif., USA) was also begun at 0 min. Arterial and hindlimb lymph samples for human insulin, NN304, glucose and tracer were collected every 5 min from 5 to 90 min, then every 10 min to the end of the experiment at 480 min. In addition, a portion of the arterial sample was taken for non-esterified fatty acids (NEFA).
Assays. Arterial blood samples were collected in ice-chilled Vacutainer tubes containing lithium heparin (Becton Dickinson, Franklin Lakes, N. J., USA). Hindlimb lymph was collected in microtubes pre-coated with lithium heparin (Brinkman Instruments, Westbury, N. Y., USA). Blood and lymph samples were kept on ice until centrifugation. Arterial samples for assay of NEFA were collected with EDTA and Paraoxon (Sigma Immunochemicals, St. Louis, Mo., USA) to inhibit lipoprotein lipase [15] . Plasma and lymph samples were stored at ±20°C until assayed. Plasma glucose was assayed immediately by the glucose oxidase method on an automated analyser (Yellow Springs Instrument, Yellow Springs, Ohio, USA). Measurement of [3- 3 H]-d-glucose concentration was done as described previously [14] . Determination of NEFA was done with a colorimetric method (NEFA C; Wako Chemicals USA, Richmond, Va., USA).
Insulin and NN304 assays. Human and porcine (identical to canine) insulin were measured in arterial and lymph with an enzyme-linked immunospecific assay (ELISA) for the appropriate insulin (Novo Nordisk) [16] .
Total concentrations of NN304 (albumin-bound and unbound) were measured in arterial and lymph using a specific ELISA method developed by Novo Nordisk and adapted in our laboratory. This method uses monoclonal antibodies specific to NN304, which exhibit no measurable cross-reactivity with either human or dog insulin. Monoclonal antibodies against NN304 were immobilized on ELISA plates (MaxiSorp, NUNC, Roskilde, Denmark). Samples and standards (25 ml) were then added to the plate wells. The antibody-bound NN304 was detected by biotin-labelled monoclonal antibodies against human insulin and ultimately visualized colourimetrically using peroxidase-labelled avidin followed by enzyme substrate TMB. The NN304 concentration in samples was estimated using a standard of NN304 that was prepared in antibodydetecting buffer. The range of the NN304 standard curve was 0±400 pmol/l. Porcine serum spiked with NN304 was used for quality control samples. Absorbance values were read at 450 nm. Softmax (Pharmacia, Biotech, Piscataway, N. J., USA) software was used for transforming absorbances into pmol/l values of NN304. Lower limit of quantification of NN304 was 10 pmol/l, and intra-assay and inter-assay coefficients of variation were 5 % and 9 %.
Calcuations. Tracer-determined glucose uptake (Rd) and endogenous glucose production (EGP) were calculated using Steele's model with a labelled glucose infusion [14] after smoothing plasma glucose and tracer data by optimal segments [17] . Steady-state values were calculated by averaging data from the last 2 h of insulin or NN304 infusion (i. e., 360±480 min). The plasma:ISF ratio was calculated by dividing the steady-state increment above basal for plasma insulin or NN304 by the respective interstitial concentration.
To compare the kinetics of insulin, NN304 and glucose turnover, data from individual experiments were expressed as a percentage of steady-state concentrations (360±480 min). Half-times were then estimated as the time (min) required to reach 50 % of the increment between basal and steady state.
Statistical analysis. Standard statistics (independent and paired Student's t tests), and one-way analysis of variance, ANOVA, [18] with Tukey's procedure were conducted with Minitab (State College, Pa., USA) statistical software on a personal computer. Data are expressed as means ± SEM and p values of 0.05 or less were considered significant.
Results
Blood flow. Basal femoral artery blood flow was similar between groups (162 ± 12 vs. 164 ± 30 ml/min; p > 0.50). Blood flow increased from basal during human insulin infusion (mean increase of 25.5 ± 6.6 %, p < 0.05 vs basal) and during NN304 infusion (mean increase of 29.7 ± 10.2 %, p > 0.10 vs basal). No statistically significant differences were noted between groups during the clamps (p > 0.50 at min 120, 240 and 480). Therefore, dynamic differences between groups could not be attributed to blood flow.
Glucose. Basal glucose values under anaesthesia were lower in the control than NN304 group (6.3 ± 0.2 vs 7.4 ± 0.3 mmol/1, p = 0.01). During the glucose clamps, however, a similar glucose concentration of 6.5 ± 0.1 mmol/1 with a CV of 8.4 % was established among groups (p > 0.10 for steady state, Fig. 1A ). Glucose specific activity throughout the clamps did not differ among groups (p > = 0.50, Fig. 1B ).
Insulin and NN304. At basal in both groups, endogenous plasma insulin exceeded interstitial insulin concentrations (55 ± 8 and 19 ± 3 pmol/l). Endogenous insulin was suppressed to concentrations which were too low to measure 40 min after initiation of somatostatin (based on NN304 experiments). During human insulin infusion, plasma and interstitial insulin rose to steady states of 181 ± 10 and 106 ± 9 pmol/1, respectively, ( Fig. 2A) . A steady-state plasma:ISF ratio of 1.7 ± 0.1 was established for human insulin. Both basal and steady state plasma:ISF ratios were within ranges reported in the literature [7±11]. With an equimolar NN304 infusion, plasma total NN304 (bound and unbound) reached a steady state of 1895 ± 127 pmol/1 (Fig. 2B ), or ten times higher than was reached with human insulin (181 ± 10 pmol/l). In sharp contrast to plasma values, interstitial total NN304 concentrations reached a steady state of 163 ± 14 pmol/1, or only 1.5 times the insulin concentration during human insulin infusion (106 ± 9 pmol/l). Accordingly, the plasma:ISF ratio of 12.0 ± l.0 for NN304 was much greater than for human insulin.
The NN304 kinetics were significantly slower than human insulin. Plasma half-times were prolonged for NN304 (median of 7 vs 18 min for human insulin vs Table 1 ). A more pronounced delay for NN304 was shown in ISF with a threefold greater half-time (median of 29 vs 92 min for human insulin vs NN304, respectively, p < 0.01).
Glucose turnover. Despite the large difference in plasma peptide concentrations, steady-state glucose infusion rates were similar for human insulin and NN304 (6.57 ± 0.24 vs 7.17 0.65 mg × min ±1 × kg
±1
, p = 0.40 between groups). The time course for the increase in glucose infusion was, however, slower during NN304 than human insulin infusion (Fig. 3A) . Basal glucose turnover was similar between control and NN304 groups (2.28 ± 0.14 vs 2.47 ± 0.14 mg × min ±1 × kg
, respectively, p > 0.10 between groups). The equimolar infusion of either human insulin or NN304 increased glucose uptake to similar steady states (6.76 ± 0.24 and 7.28 ± 0.55 mg × min ±1 × kg
, p = 0.40; Fig. 3B ). Similar suppression of EGP was also observed with human insulin or NN304 (0.22 ± 0.03 and 0.11 ± 0.12 mg × min ±1 × kg ±1 , p > 0.40 between groups; Fig. 3C ).
Although steady-state effects were similar, the temporal dynamics differed for glucose turnover during NN304 compared with human insulin infusion ( Table 1 and Fig. 4) . Like insulin and NN304 themselves (Table 1) , half-times to steady state for glucose uptake and production were slower with NN304 infusion than with human insulin. In Figure 4 , we compare peptides in plasma and ISF with measures of glucose turnover during both insulin and NN304 infusions.
For comparison of dynamics, variables are represented as per cent of steady state (360±480 min). During human insulin infusion (Fig. 4A) , plasma insulin reached 100 % of steady state by 27 ± 4 min. During NN304 infusion (Fig. 4B) , plasma NN304 did not achieve 100 % of steady state until 80 ± 4 min. Despite steady-state plasma concentrations of plasma peptides, ISF peptide, glucose uptake and glucose production were only at or near 50 % of steady state.
Thus it is appears from the time curves that glucose turnover follows more closely the dynamics of peptide in ISF rather than of plasma. Plasma half-times were considerably different from the half-times for glucose turnover (p < 0.001; Table 1 ) for both human insulin and NN304 infusions. In contrast, ISF halftimes were not different from the half-times for glucose production (p > 0.50 for both). The ISF halftimes appeared, however, more rapid than glucose Table 1 . Half-times (time to 50 % of steady state), during human insulin and NN304 infusions (3.6 pmol × min 1 × kg 1 ), for plasma and interstitial fluid insulin and analogue, glucose uptake, endogenous glucose production and plasma non-esterified fatty acids Half-time expressed as median and (range). n = 8 per group. a , p < 0.01 vs half-time with human insulin infusion uptake half-times for both peptides (p = 0.05 for human insulin and p < 0.05 for NN304). That the turnover profiles more closely followed ISF dynamics than plasma dynamics was consistent with the finding of a stronger association between ISF concentrations and glucose turnover compared with plasma concentrations of human insulin and NN304 during glucose clamps (Figs. 5 and 6, respectively). During human insulin infusion, there was notable discontinuity between the relative change in plasma insulin and glucose turnover such that plasma insulin changed much earlier than Rd or EGP ( Fig. 5A and B, respectively) . Plasma insulin rose much more rapidly than did the change in glucose uptake (Fig. 5A) and production (Fig. 5 B) . A closer association was, however, shown for the relative change in ISF insulin and glucose turnover ( Fig. 5C and 5D ). That is, the association between ISF insulin and glucose turnover more closely approached a linear trajectory. During NN304 infusion, a discontinuity was also noted between the relative change in plasma NN304 and glucose turnover (Fig. 6A and 6B ). Some delay in the relative change in glucose uptake compared with ISF was again noted for NN304 (Fig. 6C) . A close association was observed, however, between the relative change in ISF analogue and glucose pro- (Fig. 6D) . Thus, for NN304, although there was a close association during clamps between EGP and interstitial NN304, Rd rose more slowly than interstitial NN304.
Non-esterified fatty acids. Human insulin and NN304 infusions resulted in nearly total suppression of NEFA from basal (0.42 ± 0.03 mmol/1) to steadystate concentrations of 0.10 ± 0.01 and 0.12 ± 0.02 mmol/1, respectively (p = 0.30 between groups; p £ 0.001 vs basal; Fig. 7A ). The dynamics of NEFA mimicked interstitial, but not plasma, peptide dynamics and were delayed with NN304 compared with human insulin infusion (p < 0.01; Table 1 ). During clamps, a strong association between NEFA and EGP was, however, shown for both human insulin and NN304 infusions (r 2 = 0.89 ± 0.02 and 0.81 ± 0.03, respectively; Fig. 7B ). Mean slopes of EGP as a function of NEFA were similar for human insulin and NN304 at 8.46 ± 1.19 and 9.26 ± 2.61 mg × min ±1 × kg ±1 × mmol/l, respectively, (p = 0.80 between groups).
Discussion
The provision of stable and reproducible basal insulin concentrations has long been a matter of concern in the treatment and management of glucose control in diabetes [19] . To provide a more optimal control of blood glucose, insulin derivatives with affinity for albumin by acylation of the hormone with fatty acids were developed over the last five years [1±4]. These soluble insulins bind to albumin at fatty acid binding sites providing a reservoir of plasma albumin-bound hormone presumably inaccessible to the hepatic insulin receptor when bound. These insulin analogues have a prolonged action profile compared with native insulin, hypothesized to be due to delayed absorption from the subcutaneous injection site and delayed transendothelial transport due to albumin binding. To date, glucose turnover and interstitial fluid dynamics of the analogues compared with human insulin have not been investigated.
We examined the metabolic effect of Lys
B29
-tetradecanoyl, des-(B30) human insulin (or NN304), during euglycaemic clamps with interstitial fluid sampling. Similar steady states for Rd and EGP achieved with NN304 and human insulin infusions were observed despite large differences in plasma concentrations and only slightly differing interstitial concentrations. The mean steady state EGP for NN304 was lower than human insulin, however, this did not achieve statistical significance (p > 0.40). The possibility of a greater effect of NN304 compared with human insulin on the suppression of glucose production remains to be determined with further study under normal conscious conditions. For NN304, as with native insulin [8±11], the rates of increase in glucose uptake and suppression of endogenous glucose production were determined predominately by the interstitial dynamics, not the plasma dynamics (Fig. 4) . During both human insulin and NN304 infusions, there was a considerably more rapid half-time for plasma peptide than ISF, Rd and EGP. Thus, similar to native insulin, transcapillary transport is rate-limiting for NN304 action.
The slower dynamics observed for the stimulation of Rd and suppression of EGP during NN304 compared with human insulin infusion suggest that fatty acid acylation of the insulin molecule to promote its binding to albumin has a great influence on the kinetics, or rate, of action. Notably glucose turnover dynamics were profoundly influenced by the delay in Fig. 6A±D . During insulin analogue NN304 infusion, relative change in glucose uptake or Rd (A and C) and endogenous glucose production or EGP (B and D) plotted as a function of the relative change in plasma (U) and ISF (A) analogue, NN304. Values are expressed as a percentage of steady state (360±480 min). Line denotes one-to-one relation for comparison. Discontinuity noted between relative changes in plasma NN304 and glucose turnover. Association between relative changes in ISF and Rd demonstrate delay in stimulation of glucose uptake. Association between relative changes in ISF and EGP approach a one-to-one relation the appearance of NN304 in interstitial fluid. Glucose uptake and production curves (Fig. 3 and Fig. 4B) were slowed with about threefold increases in the half-times to steady state during NN304 infusion compared with human insulin (Table 1) . Thus it appears that retention of NN304 in plasma by binding to fatty acid binding sites on albumin retards the action of the analogue compared with native insulin by delaying the appearance of NN304 in interstitial fluid and consequently delaying the action at insulin sensitive tissues.
It is notable that the half-times for glucose uptake during both human insulin and NN304 infusions were not identical to the interstitial half-times (Table 1, Figs. 5 C and 6 C). Previous work from our laboratory [11, 20] and others [10, 21] has provided ranges for the half-times for Rd (15±71 min) and for EGP (8±65 min). Thus, the observed shift in the Rd halftime relative to ISF with human insulin infusion, although within the previous reported ranges, may have been a consequence of the experimental protocol and methodology. The stronger association between changes in glucose turnover and interstitial peptide, however, remains.
With NN304 infusion, the half-times persisted longer for ISF and for glucose turnover than with human insulin. The half-time for Rd was noticeably delayed compared with the ISF and EGP half-times (Table 1, Fig. 6 ). These data suggest that the kinetics of NN304 action at the adipocyte are more congruous to the ISF profile than at skeletal muscle. It is apparent from this data that the action of the analogue is more closely associated with the analogue profile in interstitial fluid than with plasma; there is, however, an apparent further delay in NN304 action to stimulate glucose uptake in peripheral tissue. This extra delay could be related to a slow dissociation of NN304 from albumin and insulin receptor binding. Alternatively, there could be an extra delay in insulin signalling or glucose transporter recruitment with this insulin analogue.
The metabolic effects of NN304 to suppress endogenous glucose production and non-esterified fatty acids during NN304 infusion followed similar kinetics, albeit slower than for human insulin, that were closely related to interstitial fluid dynamics ( Fig. 7 and Table 1 ). A strong linear association between glucose production and free fatty acids was observed in this study, indicating an association between the suppression of lipolysis and of glucose production. This phenomenon has been extensively examined for native insulin, resulting in the ªSingle Gateway Hypothesisº [22] . This hypothesis suggests that the lowering of circulating non-esterified fatty acids by the suppression of lipolysis at the adipocyte is the signal for insulin's suppression of glucose production. Our findings support this hypothesis and indicate that it can be extended to NN304 action. Thus, NN304 appears to act by the suppression of lipolysis, or NEFA, to suppress endogenous glucose production. Moreover, we have shown that, under normal conditions, the suppression of lipolysis and of EGP tend to follow peripheral interstitial dynamics, rather than plasma dynamics. These findings are consistent with the concept that peripheral interstitial peptide concentrations, rather than circulating plasma concentrations, determine the rate and extent of suppression of lipolysis and EGP.
At steady state during clamps, the concentration of NN304 in plasma greatly exceeded that of native insulin (ratio 10:1, Figure 2) , despite similar infusion rates. It is known that in vitro, when exposed to albumin, the great proportion (96±98 %) of NN304 is bound to albumin, apparently protecting the bound analogue from liver degradation, and achieving a high steady state concentration in plasma. In sharp contrast to the plasma compartment, in ISF, at steady state the total concentrations of NN304 and insulin were more similar (163 vs 106 pmol/l). In addition, at steady state, the effects of the two compounds upon glucose uptake were likewise similar (7.28 ± 0.55 vs 6.76 ± 0.24 mg × min ±1 × kg ±1 ). In vitro, the K a value for NN304 favours the bound moiety (K a of 10 5 × M ±1 ). If this association constant applies in vivo, in ISF in which the albumin concentration is approximately 0.3 mmol/l [23, 24) , the free concentration of NN304 would be much lower than the invariably free concentration of native insulin (e. g. 6 vs 106 pmol/l, respectively). How then is it possible that such a small apparently unbound concentration of NN304 can have the same effect on glucose uptake as native insulin in the interstitial compartment?
The phenomenon of a bound moiety having greater apparent bioactivity than would be calculated assuming equilibrium binding has been reported previously for various ligands. Several explanations have been suggested for this phenomenon. For example, the active ªsequesteringº of a protein-bound ligand by target tissue has been described [25, 26] . By this model, the insulin receptors themselves would bind and internalize NN304 accessed directly from the albumin-NN304 complex [27, 28] . A second concept follows from reports of influx into tissue of non-esterified fatty acids or steroids exceeding both the expected rates of dissociation of bound complexes (to albumin or steroid binding proteins, respectively) and what would be expected from equilibrium kinetics. It has been suggested that dissociation of NEFA from albumin is mediated by a specific albumin receptor on the plasma membrane which binds albumin and ªdeliversº the ligand to the receptor [29] . Alternatively, it has been suggested that albumin associates with the cell surface resulting in a conformational change in albumin and a reduction in the apparent affinity constant for the albumin-ligand complex, which enhances binding of the ligand to its receptor [30, 31] .
Whether one accepts the conventional theory [25, 26] , receptor hypothesis [29] or inhibitor hypothesis [30, 31] , it is apparent that NN304 cellular uptake and action at skeletal muscle and adipose in vivo are proportional to the rate of dissociation of NN304 from albumin and insulin receptor binding and activation, rather than the interstitial NN304 concentration (bound and unbound). These data appear to indicate that equilibrium kinetics do not apply for NN304 in the interstitium; i. e. the biologically effective concentration clearly exceeds the concentration (2 % of total) that one might expect based upon equilibrium relations.
In summary, equimolar intravenous infusions of the fatty acid acylated insulin, NN304, and human insulin result in equivalent steady-state action. Yet pronounced slowing in the time profiles for stimulation of glucose uptake and suppression of glucose production occurs with NN304 compared with human insulin. The protracted glucose turnover profiles during NN304 infusion are associated with the slowed appearance of NN304 in interstitial fluid, reflecting a mechanism of protraction of NN304 action. Thus, similar to native insulin, transcapillary transport of NN304 is rate-limiting for its action and it is apparent that retention of the compound by plasma albumin has a controlling influence on the rate of NN304 action in vivo and is possibly the primary mechanism of protraction of NN304 action.
